INTRODUCTION
============

Tracheal prostheses are important for pulmonary ventilation of patients in intensive care units (ICU), but they can also damage the histological structure of the trachea when the pressure exerted by the cuff is greater than the tracheal perfusion.^([@r01],[@r02])^ The severity of the injury depends on both the contact time and the pressure exerted between the cuff and the tracheal wall,^([@r03],[@r04])^ which may result in the loss of cilia, epithelial erosion, rupture of blood capillaries with tracheal ulceration, stenosis, and tracheoesophageal fistulas.^([@r05],[@r06])^

Conversely, cuff pressures below 20cmH~2~O may lead to the aspiration of contaminated oropharyngeal contents into the lower respiratory tract. According to the American Thoracic Society and the Infectious Diseases Society of America, the primary route of bacterial entry into the lower respiratory tract is the aspiration of oropharyngeal pathogens through the cuff, predisposing patients to mechanical ventilator-associated pneumonia,^([@r01],[@r07])^ the prevalence of which varies between 10% and 27% in critically ill patients.^([@r08]-[@r10])^

To avoid injuries caused by the hyperinflation or underinflation of the cuff, many authors recommend that the intra-cuff pressures be maintained at between 20 and 30cmH~2~O.^([@r11]-[@r13])^ However, maintaining these pressures within these levels has been a challenge in clinical practice because many factors influence the variation in cuff pressures, such as changes in the tracheal muscle tone, hypothermia, and the position of both the patient and cuff,^([@r14]-[@r16])^ reinforcing the necessity of frequently monitoring and adjusting the cuff pressures.

Although numerous techniques have been described to measure cuff pressure, it is believed that the most effective methods for achieving the recommended pressures are those that use an aneroid manometer (usually portable) specifically designed for this function.^([@r17])^ However, in Brazil, many hospitals do not have such a device because of its high cost; instead, pressures are checked using indirect measurements.

The cuff pressure relief valve technique was described by Somri et al. as an economic alternative for measuring and maintaining the cuff pressure in patients undergoing anesthesia. This technique uses a 20mL (P20) syringe to inflate the pilot balloon with 15mL of air. Tracheal distension caused by air insufflation generates an opposing force of resistance, which acts on the cuff and is then transferred to the syringe plunger, moving it in the opposite direction of the application. When the syringe plunger stops moving, the tracheal wall pressure is considered equal to the cuff pressure, thus maintaining it at safe levels.^([@r18])^

In a surgical environment where the gases used in inhalation anesthetics directly influence cuff pressure, it has been demonstrated that the cuff pressure relief valve technique can maintain pressures within the recommended limits.^([@r18])^ Because this technique is an economical alternative to a manometer, it has spread beyond the surgical center. However, its effectiveness has not yet been established in patients admitted to ICU, where cuff pressure is not affected by anesthetic gases. Therefore, the aim of this study was to test the effectiveness of the cuff pressure relief valve technique in maintaining adequate cuff pressure levels in ICU patients using 20mL (P20), 10mL (P10), and 5mL (P5) syringes. Furthermore, we analyzed the reproducibility of this technique using different P20 and P10 syringes in a trachea model.

METHODS
=======

This study was a prospective cross-sectional investigation that was conducted in two phases: (1) in vitro and (2) in vivo. The study was approved by the Research Ethics Committee of the *Hospital das Clínicas* at the *Universidade de São Paulo* (1070/09). Family members of all the patients agreed to participate in the study and signed an informed consent form.

The first phase assessed the reproducibility of five P10 and P20 syringes (BD, Becton, Dickinson and Company, USA) using a trachea model. For this purpose, a PVC tube was used that had an inner diameter of approximately 4cm, into which a tracheal tube with an inner diameter of 8mm was inserted until the cuff portion of the tracheal tube reached the middle third of the tube. A three-way connector was attached to the pilot balloon, to a manometer specifically designed to measure cuff pressures (VBM Medizintechnik GmbH, Germany) and to the syringe being used in the experiment.

The syringes were prefilled with air, and the cuff was slowly and steadily inflated until the syringe plunger moved in the opposite direction of the application. Small pauses were taken while inflating the cuff to allow passive recoil of the syringe plunger until it reached pressure equilibrium. The cuff pressure was measured with the manometer as soon as the syringe plunger stopped moving. For this phase, five P10 and five P20 syringes from the same manufacturer were used, and five measurements were performed for each syringe.

The second phase consisted of an in vivo experiment, in which the maneuver described in Phase 1 was conducted on a convenience sample of 20 patients intubated less than 48 hours who were ≥18 years of age. Patients who had a prior history of intubation and/or tracheostomy, head and neck surgery (previous or current), or mechanical ventilation at high peak airway pressures (positive end-expiratory pressure (PEEP) \>10cmH~2~O) were excluded. In this phase, a three-way connector was connected to the pilot balloon of the endotracheal tube of each patient, to the manometer, and to a syringe. After a bronchial clearance session and suctioning the upper airways and supra-cuff region, the initial cuff pressure (P-initial) was evaluated. Then, the pilot balloon was completely emptied, and the same maneuver performed in Phase 1 was sequentially and randomly performed with P5, P10, and P20 syringes. When the syringe plunger stopped moving (as in Phase 1), the cuff pressure was measured.

Cuff pressure measurements with a manometer were performed during the expiratory phase. In this phase, a single cuff pressure measurement was performed with each syringe on each patient. After collecting the data, the initial cuff pressure was reestablished. The calculation of the sample power (1-β) with a confidence interval (CI) of 99% (two-sided) indicated that our sample had a power of 100%.

New syringes with less than one year since the manufacturing date and stored at room temperature in a dry place were used in all phases of the study. Prior to the experiments, the syringes were "tested"; in other words, we moved the plunger within the syringe barrel two or three times to unstick the rubber plunger from the barrel (due to general storage of the syringe).

Statistical analysis
--------------------

In Phase 1, we used a simple analysis of variance (one-way ANOVA) to determine the variability between the five P10 syringes and between the five P20 syringes used. At this stage, the pressures between the P10 and P20 syringes were not compared. The intraclass correlation coefficient (ICC) with a 95% CI was used to determine the reproducibility of each P10 and P20 syringe. The ICC can range from -1 to +1, where values \>0.75 indicate excellent reproducibility, values between 0.4 and 0.75 indicate reasonable reproducibility, and values \<0.4 indicate poor reproducibility. Negative values indicate cases with an extreme lack of consistency between the data analyzed.^([@r19])^

In Phase 2 of the study, the Wilcoxon test was used to compare the initial cuff pressures to the pressures generated using maneuvers involving the P5, P10, and P20 syringes. This test was selected because the data were not normally distributed. A Bland-Altman plot was used to analyze the degree of agreement between the P5, P10, and P20 syringes compared with the P-initial. This method assesses the level of agreement between two different instruments. To apply this method, the mean difference between the two measurement methods and the 95% limits of agreement were calculated, which generates a scatterplot that can be used to visualize the bias (how the differences deviate from zero), the error (dispersion of the individual differences around the mean difference), and the outliers and trends.^([@r20])^

The level of significance was set at p\<0.05, and the results are expressed as the median (interquartile range), mean±standard deviation (SD), or as specified. Statistical analyses were performed using Statistical Package for the Social Sciences (SPSS, Chicago, USA) software, version 15.0 and GraphPad Prism 5 (GraphPad, San Diego, California, USA).

RESULTS
=======

In the tracheal model used in Phase 1, the cuff pressures for all of the syringes during maneuvers with the P10 and P20 syringes exhibited high levels. Upon comparing the different syringes (the five P10 and five P20 syringes), we observed a statistically significant difference between P10 syringes and between P20 syringes ([Table 1](#t01){ref-type="table"}).

###### 

Cuff pressures observed after inflating the pilot balloon in Phase 1 of the study

        **Syringe 1**   **Syringe 2**   **Syringe 3**   **Syringe 4**   **Syringe 5**   **p value**
  ----- --------------- --------------- --------------- --------------- --------------- ---------------------------------------------
  P10   45.2±7.5        54.8±10.1       48.2±4.3        47±6.1          59.6±9.2        p=0.043[\*](#TFN03){ref-type="table-fn"}
  P20   84±16.5         53.2±5          48.8±4.6        51.6±14.5       35±2.4          p\<0.001[\*\*](#TFN04){ref-type="table-fn"}

Values are expressed as the mean±standard deviation of the five measurements performed with each syringe. P10 - maneuver performed with a 10mL syringe; P20 - maneuver performed with a 20mL syringe.

comparisons between 10mL syringes;

comparisons between 20mL syringes.

The ICC between the five tests performed with the syringes in Phase 1 was not significant, and the 95% CI ranged from a low negative value to a high positive value, which implies that the reproducibility of each syringe was zero ([Table 2](#t02){ref-type="table"}).

###### 

Intraclass correlation coefficient between the five tests performed with each syringe in Phase 1.

  **Syringe**   **P10**              **p value**   **P20**            **p value**
  ------------- -------------------- ------------- ------------------ -------------
  1             0.03 (-8.2-0.89)     0.4           0.3 (-5.6-0.92)    0.3
  2             -0.33 (-11.7-0.86)   0.6           0.49 (-3.8-0.94)   0.2
  3             0.12 (-7.3-0.9)      0.4           0.63 (-2.5-0.96)   0.2
  4             0.15 (-7-0.91)       0.4           0.33 (-5.3-0.93)   0.3
  5             0.16 (-6.9-0.91)     0.4           0.8 (-0.6-0.98)    0.06

P10 - maneuver performed with a 10mL syringe; P20 - maneuver performed with a 20mL syringe. Values for the intraclass correlation coefficients and the 95% confidence intervals (95%CI).

Of the 20 patients included in Phase 2 of this study, 11 (55%) were male and had a median height of 163cm (153-170cm) and a median age of 57 years (27-74 years). The patients were intubated with endotracheal tubes of various sizes: 7 (n=3), 7.5 (n=3), 8 (n=12), and 8.5 (n=2). Most patients (n=15) were not sedated at the time the data were collected.

The cuff pressures generated with the P5 \[105 (82.5-120) cmH~2~O\], P10 \[69 (47.5-111.3) cmH~2~O\], and P20 \[45 (35-59.5) cmH~2~O\] syringes were higher than the P-initial values \[20 (20-25) cmH~2~O\] (p\<0.001) ([Figure 1](#f01){ref-type="fig"}).

![Comparisons between the initial cuff pressures (cmH~2~O) (P-initial) and the cuff pressures obtained during maneuvers with 5mL (P5), 10mL (P10), and 20mL (P20) syringes in Phase 2 of the study; in vivo experiments (individual data for all patients). \* p\<0.001 compared with the P-initial.](rbti-26-04-0367-g01){#f01}

The Bland-Altman plots revealed large biases between the P-initial and P5 (75±26.2cmH~2~O), P10 (54.8±33.1cmH~2~O), and P20 (25.3±16.5cmH~2~O) values. The variability in the values, as determined using the 95% upper and lower limits of agreement (bias±1.96 SD), ranged from 23.6 to 126.4cmH~2~O for P5, -10.1 to 119.6cmH~2~O for P10, and -7.1 to 57.5cmH~2~O for P20, compared to the P-initial ([Figure 2](#f02){ref-type="fig"}).

![Bland-Altman plot of the differences and means between the initial cuff pressures (P-initial) and the cuff pressures obtained during maneuvers with the 5mL (P5) (A), 10mL (P10) (B), and 20mL (P20) (C) syringes. The differences are listed on the y-axis, and the mean of the two values are on the x-axis. Bias is shown as a solid line, and the 95% limits of agreement are shown as dotted lines.\
ULA - 95% upper limit of agreement (bias+1.96 \* standard deviation); LLA - 95% lower limit of agreement (bias-1.96 \* standard deviation).](rbti-26-04-0367-g02){#f02}

DISCUSSION
==========

This study examined the effectiveness of the cuff pressure relief valve technique in maintaining the cuff pressure within the recommended limits in ICU patients and the reproducibility of P20 and P10 syringes in an experimental trachea model. The reproducibility was tested using five tests for each of the syringes. The ICC, which indicates the degree of agreement between measurements, indicated a lack of reproducibility between tests for each syringe. The cuff pressure values observed in the maneuver with the P5, P10, and P20 syringes exceeded the limit considered safe (20-30cmH~2~O) and exhibited significant variability and bias in the Bland-Altman analysis, compared with the initial pressure.

The use of a syringe to measure cuff pressure (cuff pressure relief valve technique) is an alternative, inexpensive, and rapid method to ensure that the pressure on the trachea is not too high (thereby injuring the trachea) or too low (to prevent microaspiration) in hospitals that do not have a manometer specifically designed to perform such measurements. However, our findings demonstrate that this technique is not effective at maintaining the cuff pressure within the recommended limits and is therefore not safe to use. The use of this technique may cause the loss of cilia or even the formation of tracheoesophageal fistulas due to high pressures exerted on the trachea.^([@r05],[@r06])^

The use of syringes with different volumes and from different manufacturers for determining the cuff pressure using the pressure relief valve technique was previously tested by Mac et al. These authors used a trachea model to analyze three different brands of P20 syringes and found that only one brand was able to maintain the cuff pressure within safe limits. Upon comparing syringes with different volumes (P10 and 60mL), the authors found cuff pressures of 57 and 23cmH~2~O, respectively, demonstrating not only that the syringe brand is important for determining cuff pressure using this technique but also that the syringe volume is paramount.^([@r21])^ Our study is consistent with and complements this previous study, as we observed large variations between the same brand of syringe with the same volume in sequential tests.

Testing the cuff pressure relief valve technique in patients who were not anesthetized, we found that as the size of the syringe decreased, cuff pressure increased. This observation can be explained by the physical principle in which the pressure is determined by the ratio of the force applied and the surface area on which the force is applied. The increased surface area of the larger syringe plungers implies that less pressure is required to overcome the force resulting from the dynamic friction.^([@r21])^

Substituting one instrument or evaluation technique for another is only possible if the new device is equivalent to the previous one and has been tested prior to its clinical use.^([@r20])^ It is very unlikely that a clinical measurement evaluated using two different devices will yield identical results. Bland et al. therefore proposed that the differences between instruments be as small as possible to provide equivalent, accurate, and reliable clinical measurements.^([@r20])^ However, the acceptable degree of divergence between instruments depends on the clinical measurement being examined.^([@r22])^ In the case of cuff pressures in tracheal tubes for which the normal range is extremely narrow (20 to 30cmH~2~O), the variability between measurements should also be as small as possible. Using the Bland-Altman method, we observed biases of 75cmH~2~O, 57.8cmH~2~O, and 25.3cmH~2~O using P5, P10, and P20 syringes, respectively. Furthermore, the 95% lower and upper limits of agreement were excessively high (between -10.1cmH~2~O and 126.4cmH~2~O), showing clinically impractical values.

Our study does have some limitations. In Phase 1 of the study, we used a PVC tube to simulate the trachea. Due to its rigidity, this material does not accurately simulate the resistance and elasticity of the trachea. However, in Phase 1, only the reproducibility of the technique was tested, without making comparisons between the different volumes of syringes and the standard manometer. In both phases of the study, the pauses taken while inflating the pilot balloon with the syringes were not standardized, and the perceived recoil of the plunger was always "researcher-dependent." Furthermore, the design of our study did not allow us to "blind" the researcher for the data collection. However, the same researcher performed all of the measurements, and the order in which the syringes were used during the data collection was random, which might have partially minimized these effects. Our study employed a convenience sample that consisted of only 20 patients. Although it was calculated after the data were collected, the power of our sample was 100%; therefore, we do not believe that increasing the sample size would change the results. Finally, different brands of syringes can have different plunger sizes and thicknesses, although they have the same overall volume. Thus, we cannot conclude whether the results would be different if other brands of syringes were used. Moreover, regardless of the dimensional characteristics (thickness and size of the plunger), the concepts of static and dynamic resistance (where the static resistance is always greater than the dynamic resistance) would have a predominant effect; consequently, we believe that our results would be similar for any brand of syringe.

CONCLUSION
==========

The present study demonstrates that the cuff pressure relief valve technique is not reproducible in a trachea model and is not effective for using 5mL, 10mL, or 20mL syringes to determine the pressure of cuffs secured in intubated intensive care unit patients. Therefore, the use of a manometer specifically designed to measure the cuff pressure of endotracheal tubes is recommended for this population.
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